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5General-purpose and special-purpose
visual systems
MICHAEL F. LAND AND DAN-E. NILSSON
5.1 INTRODUCTION: GENERAL-PURPOSE
AND SPECIAL-PURPOSE EYES
The information that eyes supply supports a wide variety of functions,
from the guidance systems that enable an animal to navigate success-
fully around the environment, to the detection and identification of
predators, prey, and conspecifics. The eyes with which we are most
familiar  the single-chambered eyes of vertebrates and cephalopod
molluscs, and the compound eyes of insects and higher crustaceans 
allow these animals to perform the full range of visual tasks. These eyes
have evidently evolved in conjunction with brains that are capable
of subjecting the raw visual information to many different kinds of
analysis, depending on the nature of the task that the animal is
engaged in. However, not all eyes evolved to provide such compre-
hensive information. For example, in bivalve molluscs we find eyes
of very varied design (pinholes, concave mirrors, and apposition
compound eyes) whose only function is to detect approaching
predators and thereby allow the animal to protect itself by closing its
shell. Thus, there are special-purpose eyes as well as eyes with multiple
functions.
Not surprisingly, anatomists and physiologists have paid most
attention to the ‘mainstream’ general-purpose visual systems, and
rather little to those whose functions are more restricted. However,
in terms of the evolution of vision, the special-purpose visual systems
raise a number of interesting questions. First, they represent multiple
evolutionary starting points for vision. They all got as far as producing
eyes with well resolved images, but then failed to provide the
comprehensive neural machinery that would allow these images to
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be fully exploited. Why did some eyes stay dedicated to one or a few
functions whilst others accumulated a more extensive repertoire?
Second, what can they tell us about the neural organisation responsible
for single visual functions? If an eye is only responsible for, say,
detecting small prey items on an unstructured background (roughly
the task of an alciopid worm or a heteropod sea-snail), what com-
ponents does its visual nervous system need in order to do this? And
more importantly, what does it not need when compared, for example,
with the complex laminamedullalobula system of higher arthro-
pods? Third, did general-purpose vision originate from special-purpose
vision by a process of accretion of function, or did some visual nervous
systems have the seeds of multi-functionality present from the outset?
Are some arrangements effectively blind alleys that can be followed
no further?
Most of these questions are for future neuroanatomists and
physiologists. In this chapter, we intend to present a survey of limited-
purpose visual systems that show promise as places to look for some
of the answers. Before starting that catalogue we will first briefly
remind ourselves of the properties of light that are relevant to
vision and then the types of eye available to animals. After that,
we will try to compile a catalogue of visual functions, to provide a
framework against which the capabilities of different visual systems
can be assessed. To our knowledge, no such catalogue currently
exists. The main body of the chapter will then be devoted to a survey
of existing visual systems, as a prelude to a discussion of why some
visual systems  such as those of vertebrates and insects  became
endowed with a wide range of capabilities, whilst others were stuck
with the one or two special functions that they originally evolved
to perform.
5.2 THE INFORMATION CONTAINED IN LIGHT
Light reaches the eye in the form of photons: indivisible packets of
energy that can energise photoreceptor molecules and thereby set off
a train of events leading to signals in neurons. Unless refracted or
reflected, photons travel through space in straight lines, which means
that with a suitable optical system their direction of origin can be
detected. This provides a basis for the spatial resolution of the
surroundings. The luminance of a particular region of space corre-
sponds to the rate at which photons are emitted from that region,
and the pattern of light and shade this produces on the retina of
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an eye contains information about the identity of objects in the
environment.
In addition to direction of travel and number, two other prop-
erties of photons are relevant: wavelength and plane of polarisation.
Photons are electromagnetic wave-packets, and each has a character-
istic wavelength that is related to its energy. For humans, visible
wavelengths are in the range 400800nm (1 nm¼ 109 m), although
for many animals the range extends down almost to 300 nm in the
ultra-violet. Since objects in the world reflect different wavelengths to
different extents, the wavelength distribution of the reflected light
provides further clues to an object’s identity. Different wavelengths
are detected by having two or more types of photoreceptors whose
photopigments are ‘tuned’ by molecular resonance to respond best
to particular wavelength ranges. The ratios of the responses of the
different photoreceptor types give rise, ultimately, to the sensation
of colour in humans. The second property  polarisation  is also
a consequence of the wave nature of the photon. The electrical and
magnetic components of the waveform vibrate at right angles to each
other, and have a definite orientation in space, perpendicular to the
direction of travel of the photon. The probability of a photon being
detected by a photoreceptor molecule is highest when the resonant
double bonds in the molecule have the same orientation as the
electrical component (E-vector) of the photon. Thus by having two or
more types of photoreceptors containing differently oriented photo-
pigment molecules, the polarisation structure of the incoming light
can be analysed, in a manner analogous to wavelength detection.
Humans have photoreceptors in which the photoreceptor molecules
are oriented at random and so cannot analyse polarised light, but in
many other animals, especially arthropods, the molecules are aligned,
and the receptors do act as analysers. Although direct sunlight is
unpolarised (i.e. it contains photons with all possible E-vector
orientations) it becomes polarised by atmospheric scattering, generat-
ing a pattern of polarisation in the sky, related to the sun’s position,
which can be used for navigation (Chapter 8). Reflections from shiny
surfaces such as water also polarise light, and this property is made
use of by a variety of insects (Schwind, 1983).
Each of these properties  luminance, wavelength distribution,
and polarisation  varies across external space, thereby varying
across the image in an eye providing spatial vision. They also change
in time. Such changes may result from the diel cycle of day and night
or from shifting weather conditions. However, more important from
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a biological standpoint, changes may result from movement.
The movement of external objects usually has meaning: a predator,
a prey, or a potential mate. Self-generated movement, caused by
locomotion for example, can also be made use of in visual guidance
mechanisms, and for determining the distances of objects. Thus, the
physical properties of light provide a rich range of cues that can be used
to detect a wide variety of features of the surroundings that are
important to animals. The visual systems of animals exploit all these
properties, but to widely varying degrees.
5.3 TYPES OF EYE
Figure 5.1 presents an overview of all the main types of optical system
in animal eyes. Most of these are described in detail in Land and
Nilsson (2002) and we will only give an outline here. As pointed out
Fig. 5.1 Diagram showing the principal types of optical mechanism
used in animal eyes. AD. Single chambered eyes. EH. Compound
eyes. The retina is shown stippled. See text for details. After Land and
Nilsson (2002).
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by Goldsmith (1990), eyes are of two fundamentally different designs,
one in which the receptor surface is concave, leading to the single
chambered eyes of vertebrates and molluscs (A, B, C, D), and the other
in which it is convex, leading to compound eyes, notably but
not exclusively those of the arthropods (E, F, G, H).
It is a reasonable assumption that single-chambered eyes began
with a simple pit (A) in which shadowing by the surrounding screening
pigment provides the only restriction on the field of view of each
receptor. Such eyes are found throughout the lower phyla, and are used
by planarians, for example, for simple phototaxis towards or away from
lighter regions of the environment. There are only two known instances
where these eyes are used for other purposes: the large pinhole eyes
of Nautilus mediate optomotor responses (Muntz and Raj, 1984) and
in giant clams (Tridacna), the hundreds of small pinhole eyes resolve
well enough to detect approaching fish (Land, 2003). Adding a lens to
a pinhole greatly improves both resolution and sensitivity (B) and this
has occurred many times: in the early vertebrates, several times in the
molluscs, in the alciopid annelids, and once in the Crustacea (the
copepod Labidocera). In all these cases, the lens has a particular refrac-
tive index gradient that minimises spherical aberration (Matthiessen-
type eye; see Land and Nilsson, 2002). The transition onto land in
the vertebrates produced a new refracting surface, the cornea (C),
which took over much of the ray-bending power of the lens: in humans
two-thirds of the optical power of the eye is provided by the cornea
and one-third by the lens whose main function is the adjustment of
focus. The chelicerates are the only other major phylogenetic group to
use a cornea as the principal refracting surface, and  in the secondary
eyes at least  this probably arose from the simplification of a pair
of compound eyes (as in the horseshoe crab Limulus) rather than from
an aquatic single-chambered eye. Insect dorsal ocelli are also of this
type, but they are generally under-focused and are not the principal
organs of vision. The fourth type of eye (D) uses a spherical mirror
instead of a lens, and there is only one example with good resolution.
These eyes are found around the mantle in scallops (Pecten spp.) and
appear to have evolved quite independently as a device for detecting
moving predators.
Early compound eyes probably evolved from an arrangement
in which each receptor was screened by its own tube of dark
pigment (E). Such lensless eyes are still found in clams of the genus
Arca where they serve the same function as the mirror eyes of scallops
(Nilsson, 1994). Eyes with a similar function, but this time with lenses
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to concentrate the light, occur in the tentacular eyes of sabellid tube-
worms (Branchiomma). In arthropods, most diurnal insects and crus-
taceans have the apposition type of compound eye (F) as their main
organs of sight. Here, each receptor cluster (typically eight receptors
contributing to a single photopigment-bearing rod, the rhabdom) has
its own lens, and each such unit (the ommatidium) views a small solid
angle of space. Adjacent ommatidia view adjacent solid angles, so that
the image as a whole is built up from the contributions of all the
‘apposed’ ommatidia. The remaining two compound eyes (G and H)
are of the superposition type, in which many optical elements
contribute to a real erect image on a deep-lying receptor layer. The
image in these eyes is much brighter than in an apposition eye, and
superposition eyes are typically found in animals from dim environ-
ments. In the refracting version (G) found in moths, some beetles, and
euphausiid crustaceans the optical elements are analogues of two-lens
telescopes, as Exner first demonstrated in 1891. In the reflecting
version (H), not discovered until 1975 (Vogt, 1980) the optical structures
are plane mirrors, arranged as square boxes. The reader is referred
to Land and Nilsson (2002) for a full explanation of superposition
mechanisms. A third type of superposition eye (parabolic superposition:
not shown in Fig. 5.1), which uses a lens-mirror combination, was
discovered by Nilsson in 1988.
All the eye types in Fig. 5.1, with the possible exceptions of
A and E, produce good images, with inter-receptor angles of a
few degrees or less, and so all have the potential for use in either
special purpose or general-purpose eyes. This is indeed the case: types B,
C, F, G, and H occur in vertebrates, cephalopod molluscs, or higher
arthropods, all of which have multiple visual capabilities. The only
exception is the concave reflector eye (D) that is only found in a well-
resolving form as a predator detector in molluscs. Conversely, all types
are found in single function eyes except for the superposition eyes
(G and H) that are confined to higher arthropods. As might have
been suspected, it is not the optical arrangements of the eyes them-
selves that limit visual capabilities, but the eye-brain combination
(see Section 5.8).
5.4 THE FUNCTIONS OF VISION
In order to decide which animals have a limited range of visual
capabilities, and which have a more or less complete repertoire,
we need a working classification of visual activities. Such classifications
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already exist to the extent that they tend to be based on specific
physiological mechanisms: for example on the ability to detect lumi-
nance contrast, colour, polarised light, motion, distance, form, etc.
Alternatively they are based on the specific sensori-motor coordina-
tion patterns, for example, the ‘taxis’ classification of Fraenkel and
Gunn (1961) in which different ways of arriving at simple goals are
shown to result from visually controlled patterns of movement of
varying degrees of sophistication. Such classifications work well for
‘low resolution’ systems which do not support more complex uses
of images, but for tasks involving ‘seeing’ as we generally under-
stand it, such as the recognition and use of landmarks in foraging and
homing, these simple schemes are no longer useful (Scho¨ne, 1984).
In Table 5.1, we have attempted to produce a very basic list of
the functions (or jobs) for which animals use vision. The table is in three
parts. The first part (1) involves only the simplest of phototactic
Table 5.1. A list of functions of eyes in animals
Basic orientation to light
1. Detection of the direction and intensity of light sources
Interactions with inanimate objects
2. Course control and maintenance  Cubomedusae
3. Obstacle avoidance  Cubomedusae
4. Navigation using:
Landmarks  Some gastropod molluscs
Distance judgements
Celestial cues  Some gastropod molluscs
5. Recognition of place (food source, home)
Interactions with animate objects
6. Detection and pursuit of prey  Heteropod gastropods,
Alciopid annelids
7. Predator detection and avoidance  Bivalve molluscs,
Sabellid annelids
8. Detection and pursuit of potential mates  Pontellid copepods
Advanced activities of higher vertebrates
9. Visual manipulation of tools
10. Sporting and athletic activities
11. Visual entertainment
 Examples of special purpose eyes where the listed function is the sole or
principal function of the visual system
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behaviours, and is found in virtually all phyla where there are animals
with eyes like those shown in Fig. 5.1A, or in some cases even sim-
pler photoreceptors (see Chapter 1 in Land and Nilsson (2002)). This
behaviour encompasses the kineses and simpler taxes of Frankel and
Gunn’s (1961) scheme. It can include the behaviour of the larvae of
many animals (e.g. dipteran flies) where the adults have very good
eyesight. The second category (28) is a skeletal list of all those visual
activities that animals with eyes that resolve well take part in (an inter-
receptor angle of about 10 can serve as an upper limit for eyes with
usable pattern or motion vision). We have divided the functions into
dealings with inanimate  generally stationary  objects (including
plants which are, strictly speaking, animate), and those involving
interactions with other animals: sex, predation, and predator avoid-
ance. Animals with general-purpose visual systems (insects, crusta-
ceans, vertebrates, cephalopod molluscs, and some spiders) are capable
of performing all or most of the functions on this list). The value of the
list is that it also allows us to identify those functions that special-
purpose eyes are capable of executing. Usually, this involves only one
or sometimes two functions; for example, the mantle eyes of bivalve
molluscs are only concerned with predator detection (and perhaps
simple phototaxis in scallops). The third category (911) indicates that
humans have added considerably to the repertoire of vertebrate visual
activities. Arguably some higher vertebrates have activities that also
come under these headings. Play in mammals has resemblances to
sporting activities, and nest-building in birds probably involves visual
manipulation, as do a variety of actions of other primates. However,
this category, does not seem to be represented outside the higher
vertebrates.
For complex activities, particularly when performed by animals
with multi-purpose visual systems, it is important to separate func-
tions  the jobs that animals are engaged in  from mechanisms.
This is because several mechanisms may contribute to each function
(Table 5.2). For example landmark navigation in hymenopterans
involves remembered patterns of objects (Cartwright and Collett,
1983), but these are detected and assessed in a moving image since
the animals themselves are moving, and so involve motion detection
systems. Similarly the detection of mates may involve pattern recogni-
tion, but again there is almost always a motion component. There may
also be alternative ways of performing similar functions. In bees
distances are measured, in part, by a visual ‘odometer’ that monitors
the lateral velocity flowfield (Srinivasan et al., 1997) presumably using
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wide-field motion detectors; however, when a locust or mantis is about
to jump it measures the distance of its target by precise ‘peering’
movements (using frontal small field motion detectors) while at the
same time stabilising the peering movements themselves using wide-
field motion to the side, at right angles to the direction of movement
(Collett, 1978; Sobel, 1990). Generally speaking, there is a many-to-one
relation between each function and each identifiable physiological
mechanism.
There is no space here to justify in detail all the relationships
between lower-level (physiological) mechanisms and tasks (arrows in
Table 5.2). However, even if there is disagreement about the details, the
essential and seemingly unavoidable feature of Table 5.2 is that at the
task level, almost all activities involve some combination of motion and
pattern mechanisms. This perhaps provides us with a major clue about
the way some visual systems became multipurpose and others did not.
A pre-requisite for general-purpose vision seems to be the ability of the
visual nervous system to deal competently with both motion and
pattern simultaneously. Colour and polarisation may be involved too.
Table 5.2. The relations between functions and mechanisms in multi-purpose
visual systems
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Interestingly, colour is typically an adjunct of pattern vision, whereas
motion systems are frequently colour-blind (Srinivasan, 1992).
Polarisation has more limited functions, for example, in celestial
navigation and water detection, but does not seem to be of much
importance in the core functions of vision, although it may replace
colour in shallow water cephalopods and act as an extension of
colour in stomatopods and butterflies.
5.5 GENERAL-PURPOSE VISION: THE BIG
THREE-AND-A-HALF
Animals in which vision subserves most or all of the functions listed
in Table 5.2 occur in three phyla: the Mollusca (cephalopods), the
Arthropoda (insects and malacostracan crustaceans), and the Chordata
(vertebrates) (Fig. 5.2AC). The only other group that perhaps quali-
fies (the ‘half ’ in the heading) are certain spiders, notably the
jumping spiders (Salticidae: Fig. 5.2D). Unlike most other spiders
whose eyesight is poor, these are visual predators with a complex
recognition system and an impressive spatial memory, all of which
Fig. 5.2 Photographs of the eyes of ‘the big three-and-a-half ’.
A. Vertebrate (Gecko), B. Mollusc (Squid), C. Insect (Dragonfly), and
D. Jumping spider.
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appear to have evolved quite independently of any other equivalent
abilities in arthropods. There now seems to be a consensus that
the extraordinary similarities in the visual systems of insects and
malacostracan crustaceans indicate that they are homologous, imply-
ing that insects evolved from crustacean ancestors in the early
Silurian, about 430 million years ago (Nilsson and Osorio, 1997), a
view consistent with recent molecular phylogenies (Giribet et al., 2001).
This means that we are probably only dealing with one highly
developed visual system in these two arthropod groups, and not
two. The relations of other, less well-developed, arthropod visual
systems (in chelicerates and myriapods) to the malacostracan/
insect system is vague. The visual systems of non-malacostracan
crustaceans, which are less complex than those of malacostracans
but are still clearly related to them, present something of a problem
(see Section 5.8).
The literature on the visual behaviour of animals in the groups
that we have designated as having general-purpose visual systems is
vast, and all we intend to do in this section is to just review enough
evidence to substantiate the claim that these animals do indeed
perform all or most of the activities listed in Table 5.2.
5.5.1 Cephalopod molluscs
Octopuses, squid, and cuttlefish all have excellent vision (Nautilus, with
pinhole eyes, is the exception). They all are visual predators, and we
know from the studies of J. Z. Young and his colleagues on Octopus that
they can learn to recognise the appearance of potential prey items, and
attack or avoid them as appropriate (Wells, 1962; Young, 1964).
Predation in squid may involve the mimicry of other animals, such as
parrotfish. Cephalopods distinguish between sexual partners and
rivals, and Octopus and the cuttlefishes have an elaborate repertoire
of chromatophore patterns with which they can signal moods and
intentions (review: Hanlon and Messenger, 1996). All three orders have
visually mediated escape behaviour involving jet propulsion resulting
from rapid mantle contraction, and cuttlefish and Octopus use vision to
produce camouflage patterns with their chromatophores to disguise
them against the substrate. The spatial abilities of cephalopods have
been studied less but Mather (1991) has produced convincing evidence
that Octopus, which forages from a home base  its ‘den’  is able to use
a long-term memory of the visual landmark array to guide its return
from exploratory forays.
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5.5.2 Insects and malacostracan crustaceans
One needs only consider the behaviour of honey bees to encounter
most of the visual repertoire of insects. The pioneering work of Karl von
Frisch established that bees have trichromatic colour vision and can
learn the colours of flowers; that they can use either the sun or the
pattern of polarisation in the sky as celestial compass cues, and that
these are compensated for time of day; that they can also use learned
landmarks; and most famously that bees can communicate the
distance and direction of a nectar source to other bees via the
‘waggle dance’ (von Frisch, 1967). In their ability to recognise visual
patterns it seems that bees can use two methods: the extraction of
general features, as well as the learning of specific ‘templates’. Hateren
et al. (1990) trained bees to one of a pair of random stripe patterns
oriented at 90, and then presented them with other pairs of patterns
whose appearance was quite different but which contained contours
with the same orientations. The bees were able to select the pattern
with the same orientation as the test stimulus, implying that they had
extracted the common feature (Srinivasan, 1994). On the other hand,
when learning the landmarks that define a food source, Cartwright and
Collett (1983) found that bees learn the specific geometric configura-
tion of the landmark pattern, and when returning to the food source
they seek to match this ‘snapshot’ of the remembered landmarks to the
view from the approach route. In fact, a series of snapshots may be
involved, and the orientation flights that bees and wasps make when
leaving a new food source seem deliberately designed to provide a
series of appropriately spaced stationary points from which a
succession of views can be learned (Zeil et al., 1996). Path integration
 the use of a combination of compass cues and distance measurement
to provide a ‘dead reckoning’ estimate of position  is a possible
alternative to landmark navigation, and there is ample evidence that
hymenopteran insects, especially ants, use this as well (Wehner, 1981;
Wehner et al., 1996; Collett and Collett, 2002).
Flying insects have an elaborate system for course control. In
dipteran flies, this involves large numbers of neurons in the lobula plate
(part of the third optic ganglion) that have wide fields and directional
preferences corresponding to the various rotational and translational
components of image motion (‘optic flow’) that occur during flight
(Hausen, 1981). In bees, optic flow patterns can also be used for judging
distances from objects on the ground (Lehrer et al., 1988) and to measure
distance flown a sort of visual odometer (Srinivasan et al., 1997).
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Many insects, including bees and many dipteran flies, mate on
the wing, and this requires the ability to detect small moving objects
and also to track them. In the lesser house-fly Fannia, this can lead
to spectacular high-speed chases involving several distinct manoeu-
vres and counter manoeuvres each second (Land and Collett, 1974;
Boeddeker et al., 2003). Some male hoverflies (Syritta) have a more subtle
approach, shadowing potential mates at a distance of about 10 cm, and
making use of the presence of a high resolution acute zone (not present
in the female) to stay outside her visual detection range. When she
lands on a flower, the male makes a sudden dash to grasp her (Collett
and Land, 1975). Other hoverflies hang in mid air, and if another
insect approaches they do not track it (as does Fannia), but take up an
interception course (Collett and Land, 1978). Thus insects have an
impressive repertoire of visual behaviours for dealing with other
animals as well as the inanimate world. These examples are largely
drawn from dipterans and hymenopterans that have been well studied
and perhaps stand out by their sophisticated behaviour. Many other
insects may be rather less sophisticated, but except in cases where
vision has been reduced, their visual systems have the same
fundamental capabilities.
Malacostracan crustaceans, though less well studied, appear
to have a similarly complex repertoire. A group that evolved in the
Carboniferous, very early in malacostracan evolution, the stomatopods
or mantis shrimps, are visual predators capable of spearing or grasping
passing fish with their formidable appendages. The ability to learn both
colours and polarisation directions have been demonstrated behav-
iourally (Marshall et al., 1996, 1999). The system responsible for this is
remarkable and unique. A band of six rows of ommatidia running
through the centre of the apposition eye contains four rows devoted to
colour  using a total of 12 visual pigments!  and two to polarisation
(Cronin et al., 1994). The one-dimensional field of the band necessitates
an unusual range of scanning eye movements (Land et al., 1990).
In addition to their predatory behaviour, stomatopods have complex
social interactions involving courtship behaviour and non-lethal fights
between males (Caldwell and Dingle, 1976). They live in semi-
permanent burrows surrounded by territories they defend, implying
a good spatial sense.
Most malacostracans (including mysids, euphausiids, and most
long-bodied decapods) are aquatic, either benthic or pelagic, and rela-
tively little is known about their behaviour. However, amongst the
brachyuran crabs, which evolved from lobster-like stock relatively
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recently in the Jurassic, there are many semi-terrestrial species whose
behaviour has been studied extensively (Scho¨ne, 1968). The fiddler crabs
(Uca) have attracted particular attention, because of the remarkable
species-specific claw-waving patterns of the males (Crane, 1957). These
waves not only have a different spatial trajectory in different species,
but also a very distinct temporal pattern. Since several species are often
sympatric, there is no doubt that these spatio-temporal patterns allow
females to work out who to mate with. Males dig burrows and attempt
to lure females into them by waving. They defend the burrows against
other males in ritualised but nevertheless serious combat. To do this,
they may have to go some distance from the burrow, and they are able
to return accurately even if the burrow is out of sight, implying an
ant-like capacity for dead reckoning (Zeil, 1998). Fiddler crabs have a
wonderfully simple way of distinguishing dangerous predators from
conspecific nuisances: they align their eyes accurately with the horizon,
and anything that appears above the horizon on the retina must then
be larger than crab height, and thus a serious threat (Layne, 1998).
5.5.3 Spiders
Spiders have eight eyes of two kinds. All are the corneal type (Fig. 5.1C),
but the forward-pointing principal eyes have a different retinal
construction and different embryological origin from the remaining
three pairs of secondary eyes. In most spiders, the principal eyes have
conventional optics and an in-focus retina (although the resolution is
often poor), but the secondary eyes are under-focused, and appear to
serve as celestial compasses rather than as image-forming eyes. In some,
at least, the secondary eyes detect the polarisation of skylight and this
is used to guide the spider’s return to its nest (Drassodes: Dacke et al.,
1999). The exceptions to this pattern are the hunting spiders (Lycosidae,
Thomisidae, Salticidae) where the secondary eyes are movement
detectors and are used to detect both prey and potential predators.
Of these, the jumping spiders (Salticidae) have by far the most
impressive visual repertoire. Having detected movement with the
secondary eyes, the spiders turn to direct their bodies accurately at the
stimulus, so that it comes within the field of view of the principal eyes
(Land, 1985). The principal eyes have long, narrow retinae, with
extraordinarily high central resolution (typical inter-receptor angles of
9min, but only 2.4min in the tropical spider-eating Portia: Williams
and McIntyre, 1980). Jumping spiders determine the nature of the
stimulus in a unique way. The retinae of the principal eyes are
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moveable, independent of the lenses, and they scan the target pre-
sented by the secondary eyes in a stereotyped way. The retinae move
laterally at a frequency of 12 Hz, and simultaneously rotate through
50 at a slower rate of about 0.1Hz (Land, 1969). This process identifies
the target as potential prey or another jumping spider. If it is the latter,
a male may begin an elaborate species-specific courtship display (Drees,
1952). Small objects that move but do not have the characteristic leg
pattern of salticids are usually insects, and they are treated as prey: first
stalked and then jumped on from one or two centimetres. Unusually,
Portia prey on other spiders, including jumping spiders, which they
recognise by their large eyes (Harland and Jackson, 2000), and they
can distinguish their own species from other salticids. When hunting
other spiders, they have been recorded as making detours, with the
prey invisible, lasting as long as 20min (Harland and Jackson, 2004).
This implies spatial memory of a high order. It is clear from this very
brief account that salticids have evolved a visual system capable of
fulfilling most or all of the tasks outlined in Table 5.2, and have done
so using methods that are quite unlike those of any other arthropod
group.
5.5.4 Vertebrates
It seems almost superfluous to catalogue the visual abilities of
vertebrates since we know from our own experience that there is
nothing in Table 5.2 that we are not capable of (although arguably we
are not particularly good at using celestial compass cues), and indeed
humans have extended this list to include such activities as playing ball
games (Table 5.1). However, it may be worth briefly mentioning that
many of our abilities are also shared with lower vertebrates (fish and
amphibia). The studies of stickleback behaviour by Tinbergen and his
colleagues (summarised in Tinbergen, 1951) illustrate many aspects of
fish behaviour. In spring, a male establishes a territory that it defends
against rival males, and builds a small nest where eventually a female
will lay her eggs. (This indicates a knowledge of at least the local
surroundings, presumably landmark based.) Males recognise males
from their red belly, and females from their swollen belly. Females are
courted with a ‘zig-zag’ dance intended to lure them to the nest and if
the courtship is successful, the female enters the nest and lays eggs,
which the male subsequently fertilises. This sequence demonstrates
complex visual behaviour in relation to mate finding, but sticklebacks,
like most other fish, are equally competent at visual predation and
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predator evasion. Amongst the amphibians, frogs and toads are able to
catch flies in mid-air by rotating and shooting out their tongue. Toads
are also able to distinguish prey such as worms from possible predators
such as snakes by the configuration of their bodies (Ewert, 1982). Toads
are also surprisingly good at making spatial judgements. Collett (1982)
showed that when its path is blocked by a fence with a gap, a toad will
judge from a distance whether it can get through the gap, and if it
decides it cannot, it will detour round the end. This behaviour involves
the judgement of distance as well as angular size, in addition to
a self-estimate of its own dimensions.
5.6 SPECIAL PURPOSE VISUAL SYSTEMS
In this section, we will consider eyes that evolved not to deal with all
of life’s tasks, as enumerated in Tables 5.1 and 5.2, but with just one,
or a small subset of them. This will not be an exhaustive survey, but
we will hope to cover many of the most interesting cases. We will not
deal with the great many ‘simple pit’ eyes (Fig. 5.1A) that only provide
information about light direction (see Table 5.1) but concentrate on
those which have an optical system and some degree of resolution.
We will deal with them in the order indicated in Table 5.1.
5.6.1 Course control and obstacle avoidance: Cubomedusae
It is appropriate to begin this section with the eyes of box jellyfish.
Not only are they extreme examples of special-purpose eyes, but the
animals themselves lack a central nervous system, although each
rhopalium (one of four sensory structures) has a ganglion associated
with it. Thus, most of the signal processing required for behaviour
is performed by the eyes themselves and the local ganglion to which
they are associated. There are interneurons in these ganglia, but their
capacity for integration is unknown (Bullock and Horridge (1965),
v.1, p. 477). Although there have been previous descriptions of these
eyes (Berger, 1900; Pearse and Pearse, 1978), until now there has
been no systematic investigation into their roles in behaviour; the
present account is based on new observations. Each of the four rhopalia
bears a total of six eyes: one large lens eye pointing obliquely down-
wards, a smaller lens eye pointing upwards, a pair of slit-shaped pits
and a pair of small round pits (Fig. 5.3; Nilsson et al., 2005). Both lens
eyes are under-focused, forming an image well behind the retina, which
means that the image is blurred and does not contain high spatial
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frequency detail. The larger lens eye, with a 100 mm diameter lens, has a
mobile iris. In bright conditions, this closes so that the eye is effectively
a pinhole device, but when it opens in dimmer conditions, light from
the periphery of the lens, which is subject to strong spherical
aberration, is focused closer to the lens than central rays. A conse-
quence of this is that the blur circle on the retina stays much the same
size under varying light conditions, providing constant resolution.
Electrophysiological recordings show that both lens eyes have slow
receptors, particularly the smaller upward-pointing eye. Thus, the lens
eyes do not pass high temporal or spatial frequencies, meaning that
ripples or plankton do not cause them to respond, and thus interfere
with their main function, which is position maintenance. Another
interesting and relevant feature is that the rhopalia are weighted,
so that they  and the eyes  remain in the same orientation to
gravity even if the animal turns upside down.
Box jellies need to remain in the right habitat, close to the shore
where prey is abundant. The larger species feed on prawns and fish, and
the juveniles and the tiny species Tripedalia feed on plankton. They are
rarely found washed up on beaches, nor do they get washed out to sea
in spite of tidal currents. Observations on two groups of Chiropsalmus
showed that despite strong currents, each group stayed in a compact
Fig. 5.3 Rhopalia of box jellyfish. A. Frontal view of a rhopalium from
a large species (Chiropsalmus sp.) showing two lens eyes and two pairs
of pigment pit eyes. B. Scale drawing of a sagittal section through
the rhopalium of the small Caribbean species Tripedalia cystophora.
After Nilsson et al. (2005).
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area (2 10m) in the same position throughout the day, with about
200m between the groups. Each group was stationed directly opposite
a tall palm tree on the shore. Since the field of view of the smaller lens
eye corresponds closely to Snell’s window (the circular view into air of
a submerged animal), it is reasonable to conclude that these eyes
were responsible for holding the position of those landmarks constant.
In this case, there were no significant structures on the sea floor, but
near rocky shores or amongst mangrove roots it is likely that the larger
downward pointing eyes perform a corresponding station-keeping
function. The functions of the slit and pit eyes are less clear, although
in mangrove species (e.g. Tripedalia cystophora), the slit eyes may work as
light shaft detectors. Tripedalia are very good at detecting beams of
sunlight penetrating the mangrove canopy, which is where plankton
accumulate.
The planula larvae of box jellies have an even more self-contained
visuo-motor system than the adults. They have no nervous system,
but they do have 1215 single celled ocelli, each with a pigment cup
and microvillous receptor (Nordstro¨m et al., 2003). These ocelli are
evenly distributed around the rear of the larva, but they all point
forwards, and each is equipped with a motile cilium. Rather like
the protist Euglena, the larva rotates around its swimming direction,
and we believe that as it does so, the ocellar cilia stretch and relax
in response to light intensity changes. Thus, they may act as a set
of independent rudders controlling the swimming direction. This
seems to be the simplest visual system of any multi-cellular animal
so far.
5.6.2 Landmark and astronomical navigation:
gastropod molluscs
The gastropod molluscs have a wide variety of eyes, from simple pits in
the limpet Patella, through near pinhole eyes in the ormer (abalone)
Haliotis, to quite respectable-looking eyes with spherical lenses (Land,
1974b). These vary in size from 0.1mm diameter up to 2mm in the
conch Strombus luhuanus, which can have up to 50 000 receptors (Gillary
and Gillary, 1979). The eyes have a simple retina with microvillous
receptors pointing towards the light (everse), and little sign of
ganglionic signal processing in the eye itself. The heteropod sea
snails (e.g. Pterotrachea) have unusually well-developed eyes that are
used in predation, and these will be considered separately; however,
most other gastropods are vegetarian browsers.
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Although little is known about the uses of the eyes in gastropods,
there is clear evidence that the periwinkle Littorina has an elementary
type of form vision (Fig. 5.4). Hamilton and Winter (1982) showed that
Littorina irrorata, which lives mainly out of water, has the ability
to discriminate between horizontal and vertical linear structures,
Fig. 5.4 Eyes concerned with basic navigational and recognition abilities
in molluscs. A. The small opisthobranch mollusc Elysia viridis, showing the
position of the eyes and their field of view. B. Track of Elysia when a light
is moved to the locations shown by numbers. In this example, the animal
keeps the ‘sun’ at an angle of about 45 to the right of the body axis (both
modified from Fraenkel and Gunn, 1961). C. Eye of the gastropod mollusc
Littorina littorea (periwinkle) showing the spherical lens and fine grain
retina (modified from Newell, 1965). D. Choices made by Littorina irrorata
to vertical and horizontal bars, indicated by the number and position
of dots below each figure. There is a marked preference for vertical bars;
the threshold width is about 0.9. After Hamilton and Winter (1982).
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the latter being preferred because they represent plant stems that the
snail can crawl up, out of danger of predators. However, the snails
failed to show preferences between other objects such as upright and
inverted triangles. Tectarius muricatus and Turbo castanea, with eyes
similar to Littorina, also have a limited ability to discriminate target
orientation (Hamilton and Winter, 1984). In areas barren of vegetation,
L. irrorata orient towards the upper shore, not by celestial or slope clues,
but by orienting to bushes or trees above the high tide line. According
to Charles (1966), L. littoralis will orient to a 5 cm black square from
a distance of 30 cm.
Navigation using sky features (particularly the sun) certainly
occurs in gastropods. One of the earliest, and most convincing demon-
strations of this behaviour was found in the small green opisthobranch
Elysia viridis (Fraenkel and Gunn, 1961). Elysia crawls in more or less
straight lines, provided there is a light source to one side or the other.
It maintains a constant direction relative to the light source, and if
the light source is moved the animal changes direction accordingly
(Fig. 5.4). The angle is usually constant in any one period of observation
but can change (from, say, 90 to the left to 45 to the right) between
observation periods. The system thus seems to operate as a sun compass
with a variable set point. It has also been reported that Aplysia brasiliana
swim in straight lines at the water surface, provided there is a clear
view of the sky  and hence presumably the sun (Hamilton and
Russell, 1982).
Most gastropods, it seems, have some capacity for using their eyes
to keep on a straight course, and a few have a very basic capacity for
pattern recognition. With the possible exception of the heteropods
(see below), their visual systems do not appear to support any kind of
motion detection. They do not show optomotor responses (Dahmen,
1977), and do not respond to the motion of threatening objects. Many
do respond to shadowing, but this behaviour is usually mediated by
receptors elsewhere on the body, or, in the strange case of Onchidium
verruculatum, in a number of small ‘eyes’ situated on the animal’s back
(Yanase and Sakamoto, 1965; Messenger, 1991). Thus, although the
larger gastropod eyes have good images and a fine grained retina, and
are not in principle much different from the multipurpose eyes of their
relatives the cephalopods, the repertoire of behaviour they support is,
by comparison, extremely meagre. Presumably, being slow herbivores
protected by a shell or by toxins for the most part, the gastropods
never needed to evolve the neural machinery required to produce
omni-competent visual behaviour.
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5.6.3 Detection and pursuit of prey: heteropod molluscs
and alciopid annelids
Both these groups inhabit the upper 100m of the ocean, and are
predators of plankton. Both have evolved unusually well developed eyes
(Fig. 5.5), in classes (the Gastropoda and Polychaeta respectively) where
other member species generally have eyes that are small and undis-
tinguished. The heteropods are snails that swim actively with a fin
developed from the foot. The eyes are large, generally more than a
millimetre across and are long and tubular, with a well-developed
Matthiessen-type spherical lens, projecting onto a long narrow retina
Fig. 5.5 Eyes of planktonic predators. A. Above: the pelagic annelid
Alciopa reynaudi, showing the large eyes on the head. Below: a more
typical pelagic annelid Nereis pelagica (from Grasse´, 1959). B. Section
of the eye of another alciopid Vanadis formosa (originally from Hesse,
1899). C. The heteropod sea-snail Oxygyrus keraudreini in characteristic
shell-down orientation, with the eyes directed downwards. The insert
at right shows the eye in different stages of a scanning movement.
The retina is linear, 410 receptors long and 3 receptors wide.
(Land, 1984b). D. Eye of a larger heteropod, Pterotrachea coronata.
The lens is about 0.7mm in diameter.
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at the back. The retinae are extraordinary, consisting of a ribbon of
ciliary receptors in several rows (36) directed obliquely into a deep
groove (Hess, 1900; Dilly, 1969; Land, 1981). The rows are several
hundred receptors long, so that the retina is essentially a one-
dimensional line, borne horizontally. In some (Pterotrachea, Oxygyrus),
the line is straight, and in others (Carinaria, Atlanta) it is curved
into a horse-shoe shape. The obvious question is how a linear retina
might function in the detection of small prey objects, this being the
apparent reason for the existence of these remarkable eyes. An
important clue came with the finding that, in Oxygyrus at least,
the eyes make scanning movements at right angles to the long axis of
the retina (Land, 1982). This means that they achieve a large field
of view by sweeping the narrow field of the retina (in Oxygyrus this is
only 3.2) through a large arc. Video recordings of Oxygyrus showed
that this sweep has an asymmetric time course, the downward sweep
(retina moving upwards) reaching 250 s1, and the upward sweep
80 s1. It is presumably during the slower upward sweep, through 90
from below the animal to the horizontal, that prey detection occurs.
Because this is the dark sector, it is likely the animal is looking
for objects that glint against the background of the abyss. The extent
to which other heteropods scan is unknown, but all of them
have moveable eyes, whose resting posture is maintained horizontal
by a statocyst reflex, and it seems very likely that they do something
similar.
The alciopid worms have more conventional eyes with extended
retinae, and a shape very much like that of a fish eye. The lens is of the
Matthiessen type, and throws an in-focus image onto the retina
(personal observations). The retina is made up of microvillous receptors
not unlike those of gastropod molluscs (Hermans and Eakin, 1974).
Wald and Rayport (1977) made ERG studies of the eyes of Torrea candida,
a surface living form, and also Vanadis spp. from 300m. They found that
the eyes of T. candida were slightly less than a millimetre in diameter
and each contained about 10 000 receptors. From their sections, which
show both receptors and lens, one can estimate the inter-receptor angle
in T. candida to be about 1.3, which is comparable with heteropod eyes,
and probably at least a factor of 10 smaller than in any annelid eye
outside the Alciopidae. Unfortunately, there appear to be no direct
accounts of alciopid behaviour (they are hard to keep alive), and so it is
really only an inference that the eyes are used for predation, but no
other explanation seems likely.
188 General-Purpose and Special-Purpose Visual Systems
5.6.4 Predator defence and avoidance: bivalve molluscs
and sabellid tube worms
Many bivalve molluscs have a shadow response, in which a dimming of
the ambient light  which might be caused by a predator  results in
shell closure. A few genera have improved on this mechanism by having
the off-responding receptors situated in image-forming eyes. The
benefit of this is that it enables the animal to see a predator coming,
before it casts a direct shadow. As the image of a dark object moves
across the retina, it stimulates the cells it crosses and this triggers the
reflex without the need for wholesale dimming. Thus, as divers know,
scallops and giant clams can retract the mantle, or close completely,
well before the diver is close enough to reduce the light intensity on
the animal itself. Among the remarkable features of these eyes is that
they are of three different optical types, and that they appear to have
evolved de novo (unlike, for example, the eyes of heteropods which had
the basic gastropod eye to start from). In the giant clams (Tridacna spp.),
the many hundreds of eyes that line the mantle are of the pinhole type
(Fig. 5.1A); in the arc shells (Arca, Barbatia, Pectunculus) they are small
lensless apposition eyes (Figs. 5.1E, 5.6C); and in scallops (Pecten, and
related genera) the eyes are almost unique in forming images using
a concave reflector (Figs. 5.1D, 5.6F). In the file shells (Lima) and cockles
(Cardium) there are small eye-like structures, but whether they form
images that are good enough to detect objects at a distance seems
doubtful.
The giant clam Tridacna maxima lives around coral reefs and on
the reef top. The eyes are about 0.5mm across, and each has a pinhole
aperture 90mm wide. All the receptors at the back of the eye hyper-
polarise when illuminated, and about half give a short train of action
potentials when the light dims (Wilkens, 1984). Remarkably, the
receptors are of three spectral types, responding best in the blue-
green (490nm), blue (450 nm), and ultraviolet (360 nm). Behaviourally,
the clams will respond to contrast-reversing gratings with periods of
17, and black spots of 12 diameter, values which fit well with the
anatomical acceptance angle of each receptor of 16.5 (Land, 2003).
In practice, this means that the clam should be able to respond to
a 10 cm fish at about 40 cm, or a diver at about 2m. Again these are
values that fit behavioural observations. The arc clam Barbatia
cancellaria has about 300 compound eyes (Fig. 5.6C), each with approxi-
mately 130 ommatidia, as well as up to 2000 smaller pigment-cup eyes
(Nilsson, 1994). The ommatidia contain one or two ciliary receptor cells
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surrounded by pigment cells (Fig. 5.6D). Because they have no lenses,
the acceptance angle of each ommatidium is large, 2436.
Nevertheless, the animal will respond reliably to moving black stripes
subtending as little as 6, implying that the receptors themselves are
extremely sensitive to dimming.
Fig. 5.6 Eyes concerned with predator detection. A. Compound eyes
on the feeding tentacles of the sabellid tube-worm Sabella melanostigma.
B. Section of two of the compound eyes of Sabella melanostigma.
C. Compound eyes on the mantle edge of the arc clam Barbatia cancellaria.
D. Schematic diagrams of the cellular composition of ommatidia in
compound eyes of an arc clam (left) and a sabellid tube-worm (right); the
corrugated structure at the base contains modified cilia. After Nilsson (1994).
E. Eyes and tentacles from the mantle of the scallop, Pecten maximus. The
eyes are 1 mm across. Images of the light source are visible in the eyes.
F. Optics (left) and retina (right) of a Pecten eye. The image formed by the
concave reflector falls on the region of ciliary photoreceptor structures
in the cells of the distal retina. The proximal cells have microvillous
receptors, but no image. p.n. and d.n.  proximal and distal nerves.
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In the scallop Pecten maximus, about 60 eyes look out between the
tentacles of the mantle edge (Fig. 5.6E). Each eye is about 1mm in
diameter, and has a retina consisting of two layers of receptors:
distal and proximal. Behind the retina, there is a concave mirror (the
argentea) with an accurately spherical surface. This forms an image on
the distal region of the distal receptors, where there is a region of
flattened cilia presumed to contain the photopigment (Land, 1965;
Barber et al., 1967). It has been known since early recordings by Hartline
(1938) that the distal receptors give OFF responses. They hyperpolarise
when illuminated, and fire a burst of action potentials when the light is
removed (McReynolds and Gorman, 1970). In contrast, the proximal
receptors, whose receptive segments are microvillous like most inver-
tebrate photoreceptors, give ON responses. However, being in contact
with the reflector, they do not receive an image, and their function
is probably to steer the animal by phototaxis when it swims. Since
the concave mirror returns the light out of the eye, in the direction of
the observer, the image is easily visible. It appears to be of excellent
quality, and suggestion has been made that the function of the soft, low
refractive index ‘lens’ is to correct the spherical aberration of the
concave mirror, which would otherwise be severe (Land, 1965). This
image is unquestionably the means by which the animals see potential
predators. As the image of a dark object crosses the array of distal
receptors, it causes dimming of successive receptors which fire in
turn thereby triggering the behavioural response  a withdrawal of the
tentacles and closure of the two halves of the shell, much as in Tridacna.
The receptor separation in the image plane is about 9mm, or 2 in
angular terms, which is also the behavioural threshold for a slowly
moving stripe (Land, 1966). These are the best resolving eyes of any
bivalve mollusc.
The sabellid tube-worms (Annelida) have a crown of tentacles
used for filter feeding. These need to be protected from browsing fish,
and in many species this function is performed by compound eyes
(Fig. 5.6A, B) not unlike those of Arca. These compound eyes detect
shadowing and movement, resulting in a rapid retraction of the
tentacles into the shell. The sabellid eyes vary widely from loose
aggregations of receptor cells in Protula, to clearly recognisable
compound eyes in Sabella and Branchiomma (Nilsson, 1994; Krasne and
Lawrence, 1966). In Sabella melanostigma, there are as many as 240 eyes,
each with 4060 irregularly packed ommatidia. Each ‘ommatidium’
consists of between one and three cells (Fig. 5.6D), of which the receptor
structure itself is a cell with a cavity containing flattened cilia (as in
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the distal cells of Pecten). Unlike the mollusc compound eyes (Arca,
Barbatia), the sabellid ommatidia are equipped with lenses which
sharpen the resolution to give acceptance angles of 1015. The
receptors in Branchiomma hyperpolarise when illuminated (Leutscher-
Hazelhoff, 1984), a fact that completes this extraordinary example of
parallel evolution between annelid and mollusc non-cephalic eyes.
The function of all these eyes is to detect movement: as Nilsson
put it, they act as ‘burglar alarms’ (Nilsson, 1994). However, they are not
true movement detectors, since they do not correlate changes in
illumination with changes in time between receptors (as occurs in
movement detectors in insects and vertebrates). They are dimming
detectors that incidentally behave as movement detectors when crossed
by the image of a dark object. Thus, these eyes are not on the road to
the type of movement detection required for the optomotor response,
for example, where responses to simple changes in illumination would
be a distinct disadvantage. Another feature shared by all of these
receptors, as mentioned above, is they hyperpolarise to light (this is
not known for the arc clams, but seems certain). This is unusual in
invertebrate receptors, most of which have microvillous receptors that
depolarise to light. At least in Pecten, the mechanism of hyperpolarisa-
tion is different from that of vertebrate receptors, where light causes
the closure of sodium channels. Here it is the opening of potassium
channels (McReynolds and Gorman, 1974) that causes the receptors
to hyperpolarise when illuminated.
5.6.5 Detection and pursuit of potential mates:
pontellid copepods
In the majority of copepod crustaceans, the eye is a simple tripartite
structure  the ‘nauplius’ eye  located on the midline. There are no
compound eyes. The eye consists of three simple lens-less eye-cups; in
Calanella, the two dorsal cups each contain eight receptors and the
ventral cup, ten receptors (Grenacher, 1879; see Land, 1984a). The main
function of the eye appears to be simply to steer the animal towards or
away from light. However, in a few copepod genera, the nauplius eye
has become elaborated with the three lobes separating to form
independent eyes, that often have lenses of various kinds. The scanning
eyes of Copilia have attracted attention for over a century (e.g. Exner,
1891; Gregory et al., 1964), but here we will concentrate on another
group, the pontellids, where eye evolution has had even more
spectacular consequences. In the three genera Anomalocera, Labidocera,
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and Pontella, the eyes of the two sexes are very different (Vaissie`re,
1961), which suggests that they have a role in mate finding. In all the
three, it is the male eye that is larger or more complex (Fig. 5.7).
In Anomalocera, the ventral eye has a huge lens in the male but not
the female. The dorsal eyes are similar in the two sexes, but are very
strange in each having two lenses, but a single 3-lobed retina.
In Pontella, it is again the ventral eye that is dimorphic. The lens
is multiple, like a camera lens, with several components. In both sexes,
there is a lens in the front of the eye-cup itself, but in the male there are
two further lenses in the rostrum, directly in front of the eye-cup,
whereas in the female there is only one rostral lens. Thus, the male has
a triplet and the female a doublet (Fig. 5.7A). The retina is minimal,
with only six receptors. However, in the focal plane of the male eye
there is a pair of receptors with rhabdoms arranged as a ball
surrounded by a doughnut (Fig. 5.7B). It is tempting to think that this
is a specialised spot detector arranged in a centre and surround
configuration, reminiscent of the receptive fields of vertebrate ganglion
cells. The reason for believing this is that the animals themselves have
contrasting spot-like adornments on their bodies: female P. securifer, for
example, have three lemon yellow spots against a blue background.
Such decorations are very uncommon among copepods. The field of
view of the supposed detector is only about 12 across, so the male
would need a specialised strategy to locate a suitably oriented female,
in order to be in a position to make a match between spot and detector.
At present, there is no direct information about pontellid mating
behaviour.
In the genus Labidocera, it is the dorsal eyes that are complex
and sexually dimorphic. In the male, each dorsal eye has a spherical
lens about 150mm across, overlying an eye-cup with eight receptors
(Fig. 5.7C, D). The rhabdoms of five of the receptors are slab-like
structures arranged in a line. The two eye-cups are joined so that the
two sets of rhabdoms form a single line of ten receptors, arranged in a
2-1-2-2-1-2 configuration. Projected into space, this gives a field of view
for the retina about 40 long and 4 wide (Land, 1984a). The most
remarkable feature of these conjoined eyes is that they can scan. The
eyecups are pulled backwards by a pair of striated muscles, and then
released to be pulled forward by elastic strands. The result is that the
eyes scan through an angle of up to about 40 with a frequency of about
1 Hz (Land, 1988). In space, the projection of the receptor line sweeps
through a 40 square field of view above the animal. Females have eyes
about half the size of those of the males, they do not have a linear
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Fig. 5.7 Sexually dimorphic eyes of pontellid copepods. A. Female (left) and
male (right) eyes of the copepod Pontella spinipes, seen from the side.
Both are modified from the ventral component of the tripartite nauplius
eye. The male has a triplet lens, but the female only a doublet. B. Diagram
of the male Pontella eye from below. The parabolic surface of the first lens
ensures that a good image projects onto the retina, which consists of
only six receptors (rhabdoms shaded). The central pair has a ball and
doughnut configuration, possibly for detecting the concentric ring
markings of the females. C. Female (left) and male (right) eyes of another
pontellid, Labidocera acutifrons, seen from above. Here it is the dorsal
components of the nauplius eye that are developed, and they are much
larger in the male. D. Male Labidocera eyes from front. Each retina
contains five slab-like rhabdoms in a line. The retinae move together,
in and out of the plane of the page, scanning across a field roughly
40 by 40 in the water above the animal.
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rhabdom array, and although they are also mobile they have not been
seen to scan systematically. As with Pontella, we can only speculate
about the role of the eyes in sexual recognition, but it seems plausible
that these eyes would make good detectors for locating the elongated
bodies of conspecifics against the downwelling light.
5.7 HYBRID VISUAL SYSTEMS
Although we have made a rather clear either/or distinction between
general- and special-purpose visual systems, there are plenty of
examples in which this distinction is blurred. In many systems, there
is a division of labour within the eyes themselves, with parts specifically
adapted for particular ‘special’ functions. In other cases, the same
animal may have more than one type of eye with the different eyes
having quite separate functions.
5.7.1 Division of labour within eyes
Many, perhaps most, general-purpose eyes show some division of labour
between one part of the eye and another. For example, in the human
eye the fovea and periphery have rather different functions, with acute
vision confined to the fovea, and the periphery being used to detect
objects for further scrutiny and guide the fovea to them. A similar
division is found in the eyes of many insects, where the distinction is
frequently associated with sex. In houseflies (Musca) and blowflies
(Calliphora), there is a region of high acuity in the dorso-frontal region
of the male eye, sometimes referred to as the ‘love-spot,’ whose special
function is the detection of females on the wing (Hardie, 1986). The
receptors in this region have a number of ‘enhanced’ features, and they
feed into special male-specific interneurons in the lobula complex,
which are presumed to be involved in the control of the chases which
characterise dipteran mating behaviour (Strausfeld, 1991). In other
flies, for example hoverflies (Syrphidae) and horseflies (Tabanidae),
the differences between male and female eyes are more pronounced
and in the Bibionidae and some other nematoceran dipterans, the male
specific region of the eye is almost a separate structure with facets
double the size of the ‘ordinary’ part of the eye, or that of the female.
In the eyes of robber flies (Asilidae) and dragonflies (Odonata), there
are similar acute zones (Labhart and Nilsson, 1995), but here they
are present in both sexes and are associated with predation on other
insects. Empid flies have a horizontal high acuity streak which images
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the water surface over which they hunt for insects trapped in the
surface film (Zeil et al., 1989). Acute zones are not only found in eyes
that are optically of the apposition type. Male mayflies (Ephemeroptera)
have dorsally directed ‘turbanate’ superposition eyes (Fig. 5.8B; Nilsson,
Gisle´n and Brannstro¨m, in preparation), of two different types: refract-
ing in the Baetidae and parabolic in the Atalophlebidae. In these two
groups, the dorsally directed region is quite separate from the lower
part, which interestingly is of the apposition type, as is the whole eye in
females. In the males, the dorsal and ventral eyes have separate laminas
and medullas. In the neuropteran owl-flies (Ascalaphus), the eyes are also
double but both parts are of the superposition type. As in mayflies, the
dorsal eyes are for sighting other insects against the sky, but whereas
in mayflies they are female detectors, in owl-flies they are present
in both sexes and are concerned with prey capture.
Amongst crustaceans both the hyperiid amphipods, with apposi-
tion eyes, and the krill (Euphausiacea) and mysids, with superposition
eyes, have representatives with clearly divided eyes. Here, the distinc-
tion seems to be between large dorsally directed eyes whose function
is to detect the silhouettes of prey against the weak down-welling light,
and much smaller ventrally directed eyes that detect luminescing
organisms against the dark of the abyss (Land, 2000; Nilsson, 1996). One
of the most extraordinary examples of a double eye is in the mysid
Fig. 5.8 Division of labour between and within eyes. A. Two large
compound eyes and three dorsal ocelli in a nocturnal bee, Megalopta
(courtesy, Eric Warrant). The ocelli are believed to be horizon detectors.
B. The dorsal ‘turbanate’ eyes of a male mayfly, Centroptilum, seen from
above. These completely separated parts of the compound eye are used
to find females against the evening sky. Females themselves lack this part
of the compound eyes. C. A stomatopod compound eye with its
conspicuous midband of six rows of ommatidia specialised for colour
and polarisation analysis.
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shrimp Dioptromysis from shallow reefs in the Caribbean (Nilsson and
Modlin, 1994). Each superposition eye has a low resolution part
occupying most of the eye surface, but at the rear of the eye, pointing
backwards, there is a single large lens. Beneath this lens is a high
density retina, and this lensretina combination serves as the eye’s
fovea. Optically it is unique; with a single lens it is the ultimate
reduction of the superposition design. Equally interesting is the way
that it is used. At special times, such as sexual encounters, the eye
rotates to bring the large lens and its retina to face forwards  rather
in the way that one uses a pair of binoculars.
Divided eyes also occur in animals that swim in the surface film,
with half the eye above and part below the meniscus. This is true of
water beetles such as Gyrinus, and also of the ‘four-eyed fish’ Anableps.
Here the single lens is oval, with the axis directed into water having
a higher curvature than that pointing into air, the latter having
its optical power supplemented by the cornea (Walls, 1967).
Two other examples of specialisations within eyes are worth
mentioning. The upward-pointing ‘dorsal rim’ area of many insects is
uniquely specialised for the analysis of the pattern of polarisation in
the sky (Wehner, 1989; Labhart, 1980). In ants and bees, the receptors
have their microvilli arranged orthogonally, so that each ommatidium
can act as a polarisation analyser (in other parts of the eye, the
rhabdom has a twist so that this cannot happen), and the optics are
deliberately degraded to allow the light from relatively large patches
of sky to be scrutinised. In some other eyes, for example the water-bug
Notonecta, downward-pointing eye regions have a similar arrangement,
to allow the insect to detect the polarised light reflected from water
surfaces (Schwind, 1984). The specialised mid-band of the eyes of
mantis shrimps (Stomatopoda) has already been mentioned. Here both
wavelength and polarisation are analysed by a band of 6 ommatidial
rows through the centre of the eye (Fig. 5.8C) leaving the remainder
of the eye for the other functions of vision (Cronin et al., 1994). Perhaps
this is the only example where a special purpose component cuts
right through the centre of the eye.
5.7.2 Division of labour between eyes
We have already encountered in the spiders the second category of
hybrid arrangement, where different eyes perform different tasks. Here
the single pair of principal eyes and the three pairs of secondary eyes
have different functions. The principal eyes are concerned with pattern
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recognition, including colour in at least some groups and polarisation
in others (Dacke et al., 2001), whilst the secondary eyes have other
functions. In the hunting spiders (Salticidae, Lycosidae, Thomisidae),
this is typically the detection of movement, usually in the service of
predation (Land, 1985). In wandering and web-building families, the
secondary eyes have a different structure; they do not form images in
a conventional sense, and where their function is known they are
concerned with celestial navigation (Go¨rner and Claas, 1985), some-
times involving the analysis of polarised skylight. A particularly good
example of the latter is found in the blue postero-median eyes of the
wandering spider Drassodes, which have become wide-angle integrating
polarisation analysers, in which there is no image formation at all
(Dacke et al., 1999). In flying insects, there is a somewhat similar
situation. The compound eyes perform all the functions that we
normally associate with general-purpose vision, but in flying insects,
there are a further three simple eyes, the dorsal ocelli (Fig. 5.8A). Their
sole function appears to be to detect the boundary between the sky and
the earth  thus acting as a kind of visual statocyst (Stange, 1981). They
are typically under-focused, and contain wide-field fast off-responding
interneurons that react when the symmetrical sky pattern is disturbed
by changes in pitch and tilt. It is not entirely clear why the compound
eyes cannot do this, but it seems that these ocelli are in some way
better at the job. Seemingly supernumerary eyes are also common in
crustaceans, where the larval nauplius eyes are often retained in the
adults, although their function is obscure. Even in vertebrates, the
median pineal eye retains a function as a keeper of the diurnal
metabolic rhythm, and in the tuatara lizard of New Zealand it surfaces
as a quite respectable ‘third eye’.
5.8 DISCUSSION
5.8.1 Are special-purpose eyes different?
Our survey of special-purpose eyes indicates that they cover a range of
optical types (Fig. 5.1), including the single-chambered lens eyes and the
apposition compound eyes that are the principal types found in multi-
purpose eyes. Superposition compound eyes (Fig. 5.1G, H) are not found
generally in special-purpose eyes, although the turbanate dorsal eyes of
baetid mayflies, which are specialised offshoots of what had once been
apposition eyes, are specialised solely for mate detection. Concave
mirror eyes are rare, and in the molluscs they seem to be used only
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in predator detection. However, they also occur in some non-
malacostracan crustaceans such as the ostracod Notodromas where
they may have a variety of functions (Andersson and Nilsson, 1981;
Land, 1984a). The main conclusion is that, there is nothing about the
optics of an eye that precludes it from being used in either a special-
or a general-purpose visual system.
Most of the special-purpose eyes are small, the 1mm eyes of
scallops and some heteropods are probably the largest, but there are
plenty of multi-purpose eyes of comparable dimensions. Some special-
purpose eyes employ unconventional methods of sampling the image.
For example, both heteropods and the copepod Labidocera have linear
retinas and use scanning to extend the field of view to two dimensions.
However, jumping spiders also have scanning retinas in their principal
eyes, as do mantis shrimps which have a linear band of colour and
polarisation-sensitive ommatidia crossing the otherwise ordinary
compound eyes (Cronin et al., 1994). It is perhaps worth noting that
in these two mainstream groups there are additional eyes or parts of
the eye that are not involved in scanning, and it could be argued that
there are aspects of vision that are better served by a stationary rather
than a moving eye (see Land and Nilsson, 2002). However, we seem to
be clutching at straws here. The main differences between special-
and multi-purpose visual systems do not lie with the eyes themselves.
Like multi-purpose eyes, special-purpose eyes have diverse
origins. Most are developments of established simpler eye types.
Thus heteropod eyes are developments of the basic gastropod eye,
and alciopid eyes must have come from simpler annelid eyes. Pontellid
eyes are developments of the basic copepod nauplius eye. The most
interesting are the mantle eyes of bivalve molluscs and the tentacular
eyes of tubeworms, which really seem to have come from nowhere.
Many clams respond to shadow, and some, such as Spisula, are known to
contain OFF-responding neurons in the mantle nerves (Kennedy, 1963),
so at the receptor level the machinery for these types of eye already
existed. However the optics did not, and the fact that three different
optical types  pinhole, mirror, and apposition compound eye 
evolved independently (there seems no obvious way that one could
evolve into the other) is quite remarkable. Although they have a
common nauplius eye origin, the diversity of eye types in the pontellids
is similarly impressive. Perhaps one can say that the evolution of
multi-purpose eyes is necessarily conservative because the neural
machinery required to process the information from the eye is
complex, and requires an input from the eye that is consistent over
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evolutionary time. Special-purpose eyes, on the other hand, with
reduced neural processing requirements, can evolve a variety of
different types that need not be consistent with each other in terms
of the way they present information to the nervous system.
5.8.2 Eyes and brains
The single feature that distinguishes the multi-purpose visual systems
of vertebrates, arthropods, and cephalopods from the special-purpose
visual systems discussed in the previous section is not eye type but
the amount of brain associated with the eyes (Fig. 5.9). It has been
estimated that 60% of the human cerebral cortex is concerned with
vision, and in the fly Strausfeld (1976) estimated that 79% of the 340 000
cells in the brain are part of the visual system. In Octopus the optic
lobes occupy at least two-thirds of the brain mass, and contain about
65 million nerve cells (Young, 1971). No comparable figures are avail-
able for single-purpose visual systems, but a cursory survey of what
is known of the anatomy of their brains (e.g. Bullock and Horridge,
1965) suggests that nothing like this proportion is devoted to vision.
Clearly multi-purpose vision is neurally expensive.
Fig. 5.9 The huge computational power needed for multi-purpose vision.
The figure shows brains from the ‘big three-and-a-half ’ animal groups
whose eyes are shown in Fig. 5.2. The parts devoted to vision are shown
grey. Adapted from various sources.
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Why should this be? Part of the answer can be inferred from
Table 5.2 and the discussion that follows it. The table shows that many
of the more complex activities that make up the life of a visually
competent animal require the participation of two different systems of
visual computation: a motion system and a pattern system. Although
these systems usually share the same input from the eyes, the
operations required later to extract motion and form are different.
Essentially, the first requires the comparison of inputs across time, and
the second comparison across space. In flying insects, the two pathways
appear to be separate at the level of the third optic ganglion. In flies,
this consists of two components, the lobula and lobula plate. The lobula
plate has been known for some time to be the part of the brain that
contains the wide-field motion detectors involved in the guidance of
flight (Hausen, 1984). Less is known about the lobula, but its homologue
in dragonflies contains neurons with oriented line detectors reminis-
cent of those of the mammalian primary visual cortex (O’Carroll, 1993).
This apparent separation of pathways parallels the two processing
stream model of the primate visual system introduced by Ungeleider
and Mishkin (1982). On this view, a ‘ventral stream’ originates in the
X-like ganglion cells of the retina; these have slow responses, small
receptive fields and colour opponency. These feed, via the parvocellular
layers of the lateral geniculate nucleus (LGN), to the cortex where the
stream continues to the temporal lobe. Several lines of evidence
indicate that this region is responsible for coding the identity of
objects, including faces. The ‘dorsal stream’ starts with the Y-like
ganglion cells, which are fast, have large receptive fields and are colour-
blind. These contribute, via the magnocellular layers of the LGN, to a
cortical stream leading to the parietal lobe that is mainly concerned
with movement and action (Milner and Goodale, 1995). In both insects
and vertebrates, the two ‘streams’ must liaise with each other at some
level, as most activities require objects to be identified as well as acted
upon, but it does seem that the two aspects of the task are largely dealt
with separately. Jumping spiders are particularly intriguing in terms of
the two-stream idea, because they separate the two functions from the
very first stage: the secondary eyes detect motion and probably nothing
else, and the principal eyes, with their scanning system, determine the
identity of objects located by the secondary eyes.
It has been pointed out by Maynard (1967), Laughlin (1981), and
Strausfeld (1989) that there appear to be quite detailed anatomical
and functional parallels between the early visual pathways of
insects and vertebrates, and possibly also cephalopods. The vertebrate
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receptor  bipolar  ganglion cell pathway has close similarities to the
insect receptor  lamina  medulla pathway. Each of these levels
contains a complete representation of the external space, with
particular operations  spatial and temporal filtering, sensitivity
control, elementary motion detection  effected in series or parallel in
the different layers. All this ordered processing appears to be a
necessary pre-requisite for the later operations that contribute directly
to behaviour. In special-purpose visual systems, much of this pre-
processing can apparently be sidestepped or dispensed with. Another
example of simplification is the use of OFF receptors as motion
detectors in bivalve molluscs, as opposed to the much more complex
temporal correlators used by arthropods. There is a price for simplicity,
and the mollusc system cannot provide information about the kind
of continuous motion required to monitor locomotion.
5.8.3 The situation in ‘lower’ arthropods
A problematic group of animals that we have not really discussed so far
are those arthropods that are not insects, malacostracans or arachnids.
This would include the non-malacostracan crustaceans, myriapods
and early chelicerates such as Limulus. The branchiopod crustaceans
(anostracans such as Artemia, notostracans such as Triops and
cladocerans such as Daphnia) all have compound eyes that are basically
similar in structure to those of malacostracans. They also have neural
structures that are similar to the lamina and medulla of malacos-
tracans, but they lack an identifiable third optic ganglion (lobula
complex) which is where, we have already argued, analysis of wide-field
motion and pattern occur in higher crustaceans and insects. They also
lack the chiasms between lamina and medulla, and medulla and
lobula complex which, from a topological point of view makes them
quite different, and difficult to derive from the same lineage as the
malacostracans (Nilsson and Osorio, 1997). Interestingly, the myriapod
Scutigera has eyes that have ommatidia closely resembling those
of insects, but again with only two optic ganglia (Mu¨ller et al., 2003).
The horseshoe crab Limulus, on the other hand, has compound eyes
which are much less like those of crustaceans and presumably evolved
independently of the crustacean/insect lineage. It too has only two
optic ganglia and lacks chiasms.
Unfortunately, we know too little about the behaviour of these
animals to be able to classify their visual systems as special- or multi-
purpose, or somewhere in between. Most of the branchiopods are filter
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feeders, and seem to use their eyes for rather basic tasks such as
positioning themselves appropriately in their environment. However,
there are exceptions. The cladocerans Polyphemus and Leptodora are both
predators of planktonic animals. Polyphemus has a distinct fovea in its
fused cyclopean eye (Nilsson and Odselius, 1983) and pursues potential
prey visually (Young and Taylor, 1988), implying an ability to detect
a moving object and to keep track of its position in space. The same
applies to Scutigera which uses its eyes to catch insects and also to avoid
capture itself. Limulus is not known for interesting visual behaviour,
but even it can recognise a Limulus-like shape on the sea floor, and
attempt to mate with it (Passaglia et al., 1996). These capabilities are
perhaps comparable with those of heteropod molluscs or pontellid
copepods, and do not imply the ability to use wide-field motion
(to the best of our knowledge no convincing optomotor response has
been demonstrated in any of these groups) nor pattern vision of any
degree of sophistication. More work on both the behaviour and neuro-
anatomy of these groups is certainly needed, since they provide
valuable comparisons with malacostracans and insects whose behav-
ioural repertoire is greater, and whose visual brains are larger and
more complex.
5.9 CONCLUDING THOUGHTS
The amount of visual information available to an eye is immense. The
aperture of the eye serves as the first filter, limiting spatial resolution,
and contrast information in the image. But even in very modest eyes,
the visual information picked up by the eye is vast compared to the
amount of information ever used to control the animal’s behaviour.
A minimal eye, with only two photoreceptors (pixels) each coding
only two different intensities would be able to pick up 22¼ 4 different
pictures. Increasing the numbers of pixels to five and raising the
contrast sensitivity to accommodate five different levels, the same
calculation gives 3125 different pictures. Continuing with a still
insignificant eye of 20 pixels and five different grey levels (20% contrast
required for discrimination) makes 520¼ 1014 or 100 trillion different
pictures. A human eye has 125 million receptors, although for spatial
vision they are pooled into about 1 million pixels. We can detect objects
of 5% contrast even in rather dim light, so discrimination of 20 levels
of grey is well within our capacity. The number of pictures giving
unique signal patterns in our optic nerve would then be 201000 000,
which is an absolutely astronomic number that no electronic calculator
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can handle. The number of possible events, from one consecutive
picture to the next is two raised to the power of the astronomic number
of different possible pictures. Any eye worth the name is thus able to
respond in a practically infinite number of different ways. But animals
cannot respond differently to each of all possible visual inputs its
eyes may receive. The number of different behavioural responses that
can result from seeing an image is certainly not more than a two-figure
number.
This exercise illustrates that there must be massive shedding of
information in the neural processing from eye to behaviour. The bigger
and better the eye, the larger is the proportion of information that has
to be filtered away in the brain. Such filtering is exactly what object and
motion detection circuits do. Even in rather modest eyes, the vast
majority of visual information picked up by the retina, never takes
part in controlling any behaviour. As we have concluded before, good
vision takes a lot of brain capacity, and the principle work done by the
visual parts of a brain is a skilful filtering to remove huge quantities
of redundant information, and isolate the small number of image
features that may be relevant for the species’ behaviour. Wehner (1987)
coined the term ‘matched filters’ to describe how sensory systems
are designed to pass only the information that is relevant to each
species of animal.
Special-purpose eyes can do extensive early filtering, by designing
optics and retina so as to selectively pass the type of visual information
the eye is specialised for. In general-purpose eyes, much more of the
filtering will have to be done neurally, and in parallel by the circuits
handling different aspects of visual information. This adds to the
demand for large brains behind general-purpose eyes. The division
of labour between different eye regions, ultimately leading to divided
eyes, allows for more early filtering in optics and retina and probably
saves on brain. Special-purpose visual systems are the least demanding
in terms of brain. Their eyes can be designed without compromises,
aiming specifically to provide the nervous system with information
for a single visual task. The optics and retina of a special-purpose
eye consequently often reveal which visual task it serves.
Because general-purpose eyes filter out less information initially,
they would be expected to show a greater evolutionary plasticity.
Adding new types of neural processing would be much harder for
special-purpose eyes where many types of visual information never
reach the first order neurons. Thus, special-purpose eyes are more
likely to be evolutionary blind alleys.
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